Functional morphological adaptation is an implicit assumption across many ecological studies. However, despite a few pioneering attempts to link bacterial form and function, functional morphology is largely unstudied in prokaryotes. One intriguing candidate for analysis is bacterial shape, as multiple lines of theory indicate that cell shape and motility should be strongly correlated. Here we present a large-scale use of modern phylogenetic comparative methods to explore this relationship across 325 species of the phylum Firmicutes. In contrast to clear predictions from theory, we show that cell shape and motility are not coupled, and that transitions to and from flagellar motility are common and strongly associated with lifestyle (free-living or host-associated). We find no association between shape and lifestyle, and contrary to recent evidence, no indication that shape is associated with pathogenicity. Our results suggest that the independent evolution of shape and motility in this group might allow a greater evolutionary flexibility.
S
tudies of functional morphology are commonplace in eukaryotes, with an implicit understanding that form and function are generally correlated [1] [2] [3] . However, such morphological functional adaptation is largely unstudied in prokaryotes 4 . While explanations for the functions of rod and coccoid forms have been posited based on scaling and hydrodynamic arguments 5 , and we know of functions for a limited subset of species-specific bacterial morphologies from detailed experimental work 6 , we are realistically no closer to a more general understanding of prokaryote functional morphology than we were a decade ago 7, 8 . One clear and recurring prediction for form and function in microorganisms in general is that shape and motility are correlated. In bacteria, where the majority of motile species use flagella to propel themselves, these two traits are commonly thought to co-vary tightly 7, 9, 10 . Mathematical modelling of optimal shapes for efficient swimming suggests that flagellar motility in particular should be an important driving force for bacterial shape evolution. Specifically, motility imposes substantial physical and energetic constraints 5, [9] [10] [11] that favour bacterial cells with ellipsoid or rod-like morphologies within a narrow aspect ratio (length/width) range to reduce drag 7, 9, 10 . However, although mathematical models predict a strong relationship between shape and motility, explicit experimental tests are rare and, surprisingly, analyses of this relationship in an evolutionary context are lacking entirely.
In addition to the requirement of efficient motility for host invasion and colonization in pathogenic species 12 , flagellar motility is also known to activate strong immune system responses in mammalian hosts through the recognition of flagellar components and movement [13] [14] [15] . Selective pressures exerted by host immune responses against flagella have been suggested to have led many bacteria to lose their ability to move during adaptation to the host habitat 14 . Although the role of flagella as a virulence factor in pathogenesis is well documented 16 , the function of bacterial cell morphology remains elusive.
Bacterial shape has been linked to immune evasion and virulence in some disease-causing groups 7, [17] [18] [19] . A small number of experimental studies suggest that the host immune system can recognize shape and size of artificial particles and could therefore be a strong selective force acting on cell shape in pathogenic species 20, 21 . Recent work has led to the prediction that the coccoid form is adaptive in a pathogenic context owing to the reduction in the cell surface area exposed to immune attack 22 . Almost everything we understand about the evolution of bacterial shape is based on qualitative descriptions of morphologies 'mapped' on to phylogenetic trees 23, 24 . For example, it has been observed 24 that the coccoid form has evolved repeatedly and independently, as a persistent end-state morphology, in several distinct bacterial groups. The same observation has been reported 25 using an arrangement of genes involved in division and cell-wall synthesis, which suggests that transitions back to a rod shape are unlikely. However, a new generation of comparative phylogenetic methods now exists, which means that a robust statistical approach can now be brought to bear on such questions.
Here we draw on this new generation of methods to assess the link between form and function in a large monophyletic group within the Firmicutes, a phylum of considerable environmental, medical and biotechnological importance [26] [27] [28] . More specifically, we investigate the evolutionary associations between shape and motility and whether transitions from a free-living to a host-associated mode of life were accompanied by a coordinated change in both traits. As these transitions represent a steep evolutionary hill, coordinated morphological changes in this context most probably represent adaptations to counter immune responses, competition and new nutrient sources.
results
To assess the correlations between different bacterial traits (see Fig. 1a and Methods) we used a recently developed probit model 29 that accommodates binary response variables while simultaneously accounting for shared ancestry (Methods). The presence of shared ancestry often biases visual interpretation 30 and accounting for it forms the basis of comparative phylogenetic methods 31 .
Shape and motility evolve independently. Owing to the physical and energetic constraints imposed on cell shape by flagellar motility, these two traits are predicted to co-vary tightly in bacteria 7, 9, 11 . A model where all transition rates were estimated is on the left, and one where transition rates q 1,2 , q 2,1 and q 1,3 were set to zero is on the right (first model in Supplementary Table 2) . c, Transition rates for shape and motility. Histograms indicate the posterior distribution of transition rates estimates between rod and coccoid (q RC and q CR ) and between being motile and non-motile (q MN and q NM ).
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In contrast to this prediction we found no evidence for an association between shape and either motility or 'mode of life' (free-living versus non-free-living species, see Methods) using the probit model, despite the preponderance of rod-shaped motile bacteria (P-MCMC 29 = 0.17 and P-MCMC = 0.98, respectively; where P-MCMC (Markov chain Monte Carlo) is the proportion of coefficients in the posterior distribution estimates that are not zero, multiplied by two (for a two-tailed test), and is analogous to a frequentist P value). This result is robust to a resampling procedure that examines the effect of species composition in our dataset (P-MCMC values > 0.05, Methods).
Given that mode of life was not a significant (P-MCMC = 0.98) predictor of shape, we used a model with motility and the subset of lifestyle that constitutes only host-associated species and those that are free living as predictors (see Fig. 1a and Methods). This model also provided no support for an association with shape, despite the fact that the host habitat is often assumed to exert selective pressure on this trait 7 (P-MCMC motility = 0.31 and P-MCMC lifestyle = 0.58, Table 1 ). This result too was robust to our resampling procedure (95% of P-MCMC values > 0.05, Methods), and a transition model that models discrete character evolution as a continuous-time Markov process (Methods and Supplementary Table 1) also lends support in that transitions between free-living and host-associated lifestyles and between free-living and non-free-living modes of life were not accompanied by changes in shape (mode of life: Bayes factor (BF) = − 1.81; lifestyle: BF = − 1.75; Methods and Supplementary Table 1 ).
An expectation of the strong selective pressures exerted by immune system responses on cell morphology leads to the prediction of an association between shape and pathogenicity 7, 22 . However, the probit model provided no evidence for any association (P-MCMC = 0.32, Table 1 ), a result that is robust to our resampling procedure (P-MCMC values > 0.05, Methods). Despite the selective pressures due to habitat and the immune system on shape 7 , our analyses suggest that selection for shape in this group of bacteria is driven by factors other than the simple ecological pressures previously assumed.
Motility is strongly associated with lifestyle. To investigate whether evolutionary transitions from a free-living to a hostassociated lifestyle were accompanied by a change in motility status, we assessed the association between motility and our two classifications of habitat (Methods). Our results indicate that motility is not associated with mode of life per se, but that motility loss is linked to a host-associated lifestyle (P-MCMC lifestyle = 0.014, Table 1 ). This is supported by the strong rejection of a transition model in which motility and lifestyle are assumed to evolve independently, in favour of a dependent model (logBF = 9.29, Fig. 1b , Supplementary Table 1) . The most probable transition model thus suggests that transitions from a free-living to a host-associated lifestyle are often accompanied by a loss of motility (Fig. 1b) , and we infer that selective pressures within the host are likely to have selected against flagellar motility in host-associated bacteria (Discussion). However, the P-MCMC values < 0.05 for the model with motility as the response and lifestyle as predictor after sampling 50% and 75% of the data were 77.4% and 86.8%, respectively. This result indicates that the relationship between motility and lifestyle is not significant, probably due to a reduction of the statistical power in comparison with the model using all of the data.
Transition rates for shape and motility. In agreement with previous observations from phylogenies 24,25 our estimated transition rates for shape provided no evidence for transitions from coccoid (C) to rod (R) (that is, transition rate (q CR ) = 0) in the group (logBF = − 3.46, Fig. 1c) , indicating that the transitions from rod to coccoid are probably irreversible. In contrast, transition rate estimates for motility indicated that this is a labile character where both loss and regain occur, and with the transition rate from motile (M) to non-motile (N) approximately six times that of the reverse (q MN = 0.6 ± 0.124, Proportion of transition rate estimates that are equal to zero (Z) = 0%; q NM = 0.12 ± 0.055, Z = 0%; Fig. 1c ). However, while q NM was low, it was significantly different from a rate of zero (logBF = 8.32). We suggest that lability of flagellar motility is most probably explained through instances of flagellar resurrection 32 or horizontal gene transfer [33] [34] [35] [36] [37] [38] . *HPD: 95% credible interval for heritability. Our conclusions were not affected by multiple testing by using the false discovery rate control test 53 . Corrected P-MCMC values are given with originals in brackets only where a significant result was influenced. For each model we report the posterior mean, the 95% credible interval, the P-MCMC values and the 95% credible interval for heritability. Significant (< 0.05) P-MCMC values are in bold. Models are given in terms of response variable (bold) followed by predictor variable(s).
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It has been previously posited that bacteria have evolved from a rod-shaped ancestor 24, 39, 40 . Here we provide statistical support for this hypothesis in this particular group of bacteria as indicated by a transition model (root posterior probability (rod) = 0.99 ± 0.001, Fig. 1a) . This model also indicates that this group was probably derived from an ancestral motile bacterium (root posterior probability (motile) = 0.99 ± 0.003) (Fig. 1a) .
In agreement with work that suggests that functional traits resulting from complex genetic machineries are conserved in prokaryotes 41 , we found a strong phylogenetic signal in both shape (mean estimated posterior heritability (h 2 ) = 0.84 with 95% probability of lying between 0.74 and 0.92, Supplementary Fig. 5 ) and motility (mean h 2 = 0.64 with 95% probability of lying between 0.40 and 0.86, Supplementary Fig. 6 ).
Discussion
Shape and motility evolved independently. Cell shape and motility are often thought to have important adaptive functions in bacteria 7 . On the basis of fluid dynamic arguments, it has often been suggested that these two traits co-vary tightly because of the physical and energetic constraints imposed on cell shape by flagellar motility 5, 7, 9 . However, in this study we demonstrate that shape and motility are not statistically coupled. The lines of evidence we present here suggest that the independent evolution of motility and shape in this group of bacteria provides a mechanism to allow greater evolutionary flexibility. Here we draw parallels with analysis of leaf economics and hydraulic traits in higher plants 42 , where the decoupling of suites of traits from each other suggests that independent trait dimensions can exist. In studies of subtropical forests a leaf economics dimension that corresponds to light capture and tissue longevity, and a hydraulic dimension that corresponds to water-use and leaf temperature maintenance, were identified. We suggest that in the same way that the independent evolution of leaf economics and hydraulic traits allows more possible plant trait combinations, so independence of shape and motility in bacteria may allow adaptation to distinct niches. However, in the case of these bacteria there is a difference in that we observe an evolutionarily irreversible character state (the coccoid form). The existence of this 'dead end' state reduces trait dimensionality, while the independent evolution of shape from motility allows at least partial release from this constraint.
The true morphological diversity in prokaryotes is larger than the simple rod or coccoid dichotomy used here 7 , with shape complexity that belies a widespread perception that there is limited morphological variation in groups such as bacteria 7 . Given this variation, we expect morphology in prokaryotes to be finely tuned to function where selection pressures are high, in line with many studies on individual species. Here we provide evolutionary arguments that suggest that shape is under selective pressure in this monophyletic group. We provide, to the best of our knowledge, the first statistical support for a rod-shaped ancestor of the group (root posterior distribution = 99 ± 0.001) and, as suggested by two previous studies 24, 25 , statistical support for the coccoid shape being a derived end state. This progressive development of the coccoid shape implies that selective forces are operating 8 . Our analysis also suggests that the coccoid shape has evolved several times independently. This convergence indicates that similar selective forces have led to similar responses across the group 43 . The complex biochemical machinery, cellular mechanisms and mechanical constraints involved in rod morphogenesis [44] [45] [46] support the idea that transitions from rod to coccoid forms are irreversible as our results suggest.
Motility is associated with lifestyle.
In contrast to the irreversibility we observe for cell morphology, our results suggest that flagellar motility in this group is a highly labile character. Although the rate of motility regain was much lower than that of motility loss, it was still significantly different from zero. Thus, despite the complex regulatory system involved in flagellar assembly, flagellar motility has been regained several times, providing complementary evidence for flagellar resurrection 32 , or horizontal gene transfer [33] [34] [35] [36] [37] , in natura. Motility has been suggested to play important roles in dispersal, niche colonization, predation, desiccation and chemotaxis under natural conditions 7 , and perhaps unsurprisingly it is clearly associated with a free-living lifestyle in this group. Linked to the lability of flagellar motility, we also provide evidence for an association between this trait and habitat (Table 1) , where loss of motility is associated with transitions to a host-associated lifestyle (Fig. 1b) . In agreement with common observations, 83.3% of freeliving bacteria in our dataset were motile while only 8.8% of those species associated with a host were. It has been suggested that in the Staphylococcaceae, the transition from a free-living mode to a host-associated habitat coincided with a loss of motility 38 . Flagellar molecular machinery is known to be targeted by the mammalian immune system via Toll-like receptor 5 and the membrane spanning protein FLS2 in plants 12, 13 , and there are likely to be homologous immune responses in other animal groups. Such selective pressures are, we suggest, highly likely to have selected against flagellar motility in host-associated bacteria. In contrast, while the adoption of a coccoid form may confer increased resistance to the host's immune system by reducing the size of bacterial cells 22 , and the coccoid form has also been suggested to play a crucial role in pathogenesis 47 , we found no correlation between cell morphology and pathogenicity (P-MCMC = 0.32).
Conclusions
We now have strong evidence that shape and motility are not correlated in this large monophyletic group within the Firmicutes, allowing this group to overcome the perceived constraints imposed by irreversible transitions from rod to coccoid morphologies. While we find a general lack of correlation between shape and lifestyle, there is also little support for the idea that shape in microorganisms may be untouched by selection 48 . We provide evidence that flagellar motility is a highly labile character in the wild, and suggest that the independent evolution of shape and motility in this group may allow an increase in bacterial trait dimensions. We think it is likely that such trait independency could be a general pattern in bacteria as well as for leaf economics and hydraulic traits in plants.
Methods
Phylogenetic tree and species selection. In order to account for shared ancestry in our statistical treatment, we used the monophyletic Firmicutes (Bacilli and Erysipelotrichia) section of the phylogenetic tree of Chai et al. 49 , based on 14,727 prokaryotic genomes (see Fig. 1a ).
Data collection.
We collected phenotypic data on shape, motility, pathogenicity and lifestyle type for 325 species of the Firmicutes from Bergey's Manual of Systematic Bacteriology 50 . Data for species described after the manual was published were collated from the primary literature (Supplementary Table 3 ). Data were not reported for taxa without a species description (for example, Bacillus sp. 1NLA3E, Streptococcus sp. GMD2S). Data for outlier strains (potentially misclassified species), were not included in the analysis (for example, Clostridium difficile strain P28 did not cluster with members of the genus Clostridium). The tree and phylogenetic distribution of phenotypic data are shown in Fig. 1a .
Phenotypic characterization. Cell morphology. Shape characterization in the species description section from Bergey's Manual of Systematic Bacteriology and the primary literature is generally subjective and not geometrically precise. To provide a more reliable description for the purpose of our study we classified shape mainly on the basis of size measurements of individual cells. When cell size was not available we used a simplified classification.
We first reported cell length and width (diameter for coccoid cells) and calculated the aspect ratio (AR) as length divided by width. ARs of species for which a range of width and length was provided was calculated as the average length divided by the average width. We defined as rod-shaped any cylindrical cell with an AR > 1 (blue tips in Fig. 1a) and as coccoid any cell with AR = 1 (red tips in Fig. 1a) . Pleomorphic species for which width and length data were provided (seven species with AR > 1 and two with AR = 1) were considered as missing for shape as these data were reported only for the cells that were rod or coccoid among
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The descriptions of shape in Bergey's manual and the primary literature were usually words and phrases such as 'rods' , 'rods with rounded ends' , 'straight rods' , 'curved rods' , 'slightly curved rods' and 'rods with tapered ends' , 'cocci' , 'spherical' , 'coccoid' and 'ovoid' or 'ovococcoid' . On the basis of these descriptions, we recorded the shape as coccoid for cocci, spherical, coccoid, ovoid and ovococcoid, and as rod for the remaining categories. We did not consider the curvature or end type for the rod categories. Ovococcoid species with AR > 1 were excluded from the analyses. Species with ambiguous shapes (for example, 'ovoid or rods' , 'cocci or rods') were excluded from the analysis.
Motility. Species were classified as motile or non-motile regardless of motility type (for example, swarming or swimming motility). Species that exhibit changes in motility status depending on growth conditions were recorded as being motile only if the presence of flagella was reported. Motile and non-motile species are coloured in light green and orange, respectively, on the inner ring in Fig. 1a .
Habitat and pathogenicity. For the purpose of this study and due to limited information on microenvironments we used a broad categorization (based on macro-environment descriptions) of habitat types (the different locations where the organism naturally lives and grows and from which it could be recovered and isolated). When the habitat was not known, the first isolation site was used (for example, human tissue, soil, and so on). This categorization was a simple division between free-living (bacteria living independently in the environment) and non-free-living species (mode of life dataset and middle ring in Fig. 1a) . Bacteria that live in soil, water, lake, sea or sediment, for instance, were considered as free-living. Species associated with plant, animal or insect organisms and species that live in confined environments (for example, food production and fermentation processes) were recorded as non-free living.
To investigate whether host-associated species exhibit a particular morphology and motility status in comparison to free-living species, we used a subset of our data that contains free-living species and only those non-free-living species associated with a host (lifestyle dataset, n = 145 species and outer ring in Fig. 1a) . Host-associated species were defined as those that live within plant, animal or insect hosts, while species associated with food production and fermentation processes were not considered in this classification. Species that live in multiple environments (for example, human tissues, food and soil) were recorded as missing for both datasets.
To test for a correlation between shape and pathogenicity we took the host-associated species and classified them as either pathogenic or non-pathogenic. We defined pathogenicity as the capacity to cause disease. Opportunistic and obligate plant, animal and insect pathogens were considered as pathogenic while commensal species and those not yet reported as being involved in host infections were considered as non-pathogenic. Species for which pathogenicity information was not available were not included in the analysis. As data on pathogenesis were only available for 2 of 12 motile host-associated species we did not include motility in this analysis.
Phylogenetic comparative methods. Probit model. We modelled the probability of a correlation between our response variable (shape or motility) and our predictors using phylogenetic generalized linear mixed models in a Bayesian framework 29 . We used this type of model as it allows testing models with binary response variables while accounting for shared ancestry as implied by the phylogeny. We also used the more familiar Markov transition model developed by Pagel 31 in a Bayesian framework 51 . Shape, motility and lifestyle data were coded as discrete binary characters (rod, motile and free living as 1, and coccoid, non-motile and non-free living or host-associated as 0). We used a probit model in MCMCglmm 29 with largely uninformative priors (normal distribution with a mean of zero and a variance of 10 8 ) for our fixed factor predictors, and a χ 2 prior for the phylogeny treated as a random factor as this best approximates a uniform distribution 29, 52 . As binary response variables do not provide sufficient information for estimating the residual variance, we fixed the residual variance to 1 (refs 29, 52) . The MCMC chains were run for 5 million iterations with an additional burn-in of 300,000 iterations and a sampling interval of 1,000 iterations. Chain convergence and mixing were assessed visually ( Supplementary Figs 1-4) as well as by ensuring that the effective sample sizes for all estimated parameters were >1,000. To assess the autocorrelation for the sampling factor 29 we checked that all correlation between samples after lag zero was less than 0.1.
Assessing the robustness of multiple regression results using MCMCglmm. To test whether our results from multiple regressions were robust we applied a cross-validation test. We ran 500 independent chains by sampling 50% of the data in each run for all of the models. For the regression model with motility and lifestyle we also performed an additional run of 500 independent chains by sampling 75% of the data due to a decrease in the statistical power when sampling only 50% of the data. Chains mixing was assessed visually and percentage of P-MCMC values below 0.05 among 500 samples for each model was reported.
To account for multiple testing for our hypotheses regarding motility we performed a false discovery rate test 53 .
Phylogenetic signal. We used the estimated h 2 of our models as a measure of the degree of the phylogenetic signal in our data, a parameter that is equivalent to Pagel's lambda (λ) in phylogenetic generalized least-squares models 54, 55 . We used a Bayesian approach to take into account the uncertainty in model parameter estimation and calculated the posterior heritability across the entire posterior distribution of model variances.
Transition model. To assess whether transitions from a free-living lifestyle to being host-adapted were associated with a change in shape or motility status we used a transition model under a reversible-jump MCMC approach as implemented in BayesTraits version 2 51 by comparing two competing models. The first (independent) model assumes that two characters evolve independently while the second (dependent) model allows one character to vary depending on the character state of the other. For an effective estimate of the marginal likelihoods we used three independent chains run for 5,000,000 generations after discarding the first 10% as burning period and the stepping stone sampling procedure (1,000 stones, each sampled for 20,000 iterations ) implemented in BayesTraits version 2. Chain convergence was assessed using Tracer version 1.6.03 (http://tree.bio.ed.ac.uk/software/tracer). The models were evaluated by two methods. First by comparing the marginal likelihood of the two models using BF. Second, given that the number of visits to the dependent or independent model is propositional to the posterior probability of the model, support for correlated evolution was evaluated by comparing the ratio of prior and posterior odds for visits of the two models during the chains. For both methods a logBF < 2 was considered as weak evidence for correlated evolution.
To estimate the transition rates for discrete phenotypic characters and to assess whether the rates were asymmetric we modelled discrete character evolution as a continuous-time Markov process using the multistate method in BayesTraits version 2. All models were run for 5,000,000 iterations (sampled every 1,000 iterations) with all priors set to an exponential with a mean of 10. Marginal likelihoods were obtained from the harmonic mean estimates of the model. Where strong asymmetry was detected, we then compared a constrained with a full model to assess whether low transition rates differed significantly from zero rates. In the constrained model, the transition rate from state 0 to 1 (reversal) was fixed to zero (q 01 = 0), while the full model estimated both parameters simultaneously (q 01 ≠ q 10 ). To identify the best-fitting model, we compared the log marginal likelihoods obtained from estimates for the two models using BF. A logBF < 2 was considered as a weak support 56 for the model where the rates are different (q 01 ≠ q 10 ).
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